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Abstract: Fluorescent hydrogel glucose biosensor (FHGB) microdroplets were fabricated using 

a microfluidic method with glass capillaries having a coaxial flow-focusing geometry with cross-

linked poly(acrylic acid) (PAAc) immobilized with carbon dots (CDs), glucose oxidase (GOx), 

and horseradish peroxidase (HRP) after the conversion of poly(acrylamide) to PAAc. The 

prepared FHGB droplets showed a dual response to glucose of CD fluorescence quenching and 

droplet size reduction upon bienzymatic reaction with glucose; the reaction of GOx and HRP 

with glucose produced gluconic acid and -OH radicals, which caused CD fluorescence 
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quenching and size reduction, respectively. These small FHGB droplets showed good sensitivity 

(linear range of ~30 mM with the limit of detection of 0.052 mM), high selectivity (against the 

main ingredients of human blood serum), and long stability (due to dry state during storage). 

These FHGB droplets were tested with human blood serum and they maintained sensing 

performance for a long time in the dry state. Thus, the FHGB droplets demonstrate a new method 

to detect glucose levels with small sample amounts by the dual-mode response. They can be 

further applied as implanted continuous-detection biosensor droplets because of their 

biocompatibility. 
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1. INTRODUCTION 

Cross-linked polymer hydrogel networks are good candidates for smart materials if they 

respond to external stimuli through volume changes, because significant volume changes are 

possible in hydrogels with large amounts of absorbed water. Many synthetic hydrogels including 

poly(ethylene glycol), poly(acrylic acid) (PAAc), poly(vinyl alcohol), poly(acrylamide) 

(PAAm), and their derivatives have been used for smart material applications because of their 

relatively easy network formation and functionalization during synthesis compared to their 

natural hydrogel counterparts of polysaccharides and proteins.
1
 Cross-linked polyelectrolytes are 

charged hydrogels because of their high hydrophilicity. Polyelectrolytes can be either strong or 

weak. The charge states of strong and weak polyelectrolytes are independent and dependent on 

pH changes, respectively. For example, PAAc, a weak anionic polyelectrolyte, becomes charged 

and swelled at high pH by deprotonation. Such hydrogels can be used for various applications.
2
 

For example, stimuli-responsive hydrogels have been used in microfluidic channels as valves to 

regulate flow without external control.
3-4

 Porous-structured hydrogel microdroplets immobilized 

with receptor molecules can be used for the specific and efficient binding of analyte molecules
5
 

or capture of cellular secretions.
6
 The biophysical similarity of hydrogels to soft biological 

tissues makes them widely applicable for 3D cell cultures, tissue engineering, and regenerative 

medicine.
7-8 

Nano-sized fluorescent materials, such as quantum dots (QDs) and carbon dots (CDs), have 

been applied as fluorophores. Over the past decade, considerable progress has been achieved in 

the synthesis and application of QDs, as well as in understanding their properties.
9-10

 Based on 

their excellent optical properties, QDs have attracted wide attention and extensive research for 

biological applications. However, QDs require further modification for use in biological 
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applications as they are toxic, environmentally hazardous, susceptible to ultraviolet light 

excitation, easily photo-bleached, and chemically unstable.
11

 In contrast, CDs, as another nano-

sized carbon material, have recently received attention because of their good solubility in water, 

strong luminescence, high biocompatibility, ease of surface functionalization, long-term 

resistance to photo-bleaching, and low cost.
12-13

 CDs can be synthesized by top-down and 

bottom-up methods.
14-24 

Between them, the bottom-up method offers fast and simple access to 

many different CDs with varied surface functionalities and tunable properties. Aqueous CD 

solutions have been used for glucose biosensor applications by fluorescence quenching with 

enzymes.
25

 For example, the enzymatic reaction of glucose oxidase (GOx) with glucose 

generates gluconic acid and H2O2.
26

 The produced H2O2 can be decomposed into -OH radicals 

by horseradish peroxidase (HRP), and the gluconic acid decreases the local pH.
27

 The -OH 

radicals cause the fluorescence quenching of CDs; therefore, the degree of quenching represents 

the amount of glucose. However, aqueous CD solutions are unstable and difficult for patients to 

carry in the field and use at home. Thus, solid-state biosensors are quite desirable for practical 

applications. The maximum quenching of CD occurs in aqueous media; thus, water-absorbed 

hydrogels are good solid matrix candidates for biosensor applications. 

Uniform-sized hydrogel droplets can be generated rapidly in microfluidic channels with 

monomer or polymer solutions in the form of water-in-oil (W/O) droplets.
28

 Flow-focusing and 

T-junction geometries with poly(dimethylsiloxane) (PDMS) and glass-capillary microfluidic 

chips are usually used for droplet production.
29

 The dimensions of the microfluidic-chip channel 

and the flow-rate ratio of the two phases can be used to fine-tune the droplet sizes. These 

hydrogel droplets are mostly applied to the encapsulation of single molecules or cells, because 

they allow high-throughput analysis and manipulation with precise control of the local 
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environment.
30

 Polyelectrolyte hydrogel droplets have also been studied for smart materials 

because of their pH responsiveness. For example, pH-responsive microdroplets of PAAc 

hydrogel were fabricated as W/O droplets with pH-dependent sizes.
31 

These hydrogel droplets 

can be loaded with valuable materials, such as drugs, because of their high porosity in the 

swollen state, with drug release triggered by environmental pH changes (in acidic environment) 

in the shrunken state. PAAc can be easily functionalized with its pendant carboxylic groups, 

which can couple with amine-containing materials through the N-(3-dimethylaminopropyl)-Nʹ-

ethylcarbodiimide (EDC) coupling agent. Fluorescent PAAc can be fabricated by immobilizing 

CDs (which have many functional groups, including amine groups, when CDs are made from 

amine-containing materials such as ethylene diamine via the bottom-up method) through EDC 

coupling. These fluorescent PAAc microdroplets can be applied in small biosensors by 

immobilizing GOx and HRP. These fluorescent hydrogel glucose biosensor (FHGB) droplets are 

quenched by -OH radicals and the droplet size is decreased by a bienzymatic reaction of GOx 

and HRP; therefore, these FHGB droplets can be used as dual-mode glucose biosensors. Small-

sized FHGB droplets are advantageous for small sample volumes. They also can be used for 

sensing glucose in small confined areas, providing data for localized and not large-averaged 

regions. In addition, they can be stored in the dry state and used in water whenever needed.  

In this work, FHGB droplets were fabricated with cross-linked PAAc after the immobilization 

of CD, GOx, and HRP using a microfluidic method with glass capillaries having a coaxial flow-

focusing geometry after the conversion of PAAm to PAAc. The produced uniform-sized 

polyelectrolyte droplets responded to glucose by the dual modes of fluorescence quenching and 

size reduction. This dual response of the FHGB droplets, monitored with simple optical 

microscopy, permitted doubly checkable glucose sensing. The dry solid-state droplets could be 
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stored for long periods and used whenever needed. Thus, these FHGB droplets demonstrate a 

new method for detecting glucose levels from small samples; they can be further applied in 

implanted continuous-detection biosensor droplets because of their biocompatibility. 

 

2. EXPERIMENTAL 

2.1. Materials 

Acryl amide (AAm, Junsei, Japan), N,N'-methylenebis(acrylamide) (MBAm, TCI, Japan), 

ammonium persulfate (APS, Duksan, South Korea), N-hydroxysuccinimide (NHS, Sigma-

Aldrich), N-(3-dimethylaminopropyl)-Nʹ-ethylcarbodiimide hydrochloride (EDC·HCl, Sigma-

Aldrich), D-(+)-glucose, glucose oxidase (GOx, Sigma-Aldrich), L-ascorbic acid (Sigma-

Aldrich), urea (Sigma-Aldrich), dopamine (Sigma-Aldrich), lactose (Sigma-Aldrich), sodium 

chloride (Duksan, South Korea), human blood serum (Sigma-Aldrich, USA), horseradish 

peroxidase (HRP, Sigma-Aldrich), sodium hydroxide (NaOH, Duksan, South Korea), 

fluorocarbon oil (NovecTM7500, 3M, USA), Krytox 157FSH (Dupont, USA), silicone oil (5 cSt, 

100 cSt, SO, Shin-Etsu, Japan), tetramethylethylenediamine (TEMED, Sigma-Aldrich), citric 

acid (CA, Sigma-Aldrich), tetraethyl orthosilicate (TEOS, TCI, Japan), and ethylene diamine 

(EDA, Daejung, South Korea) were used as received. pH buffer solutions were obtained from 

Duksan, South Korea. Deionized (DI) water was used after purification on a reverse osmosis 

system (PureRO, Romax, South Korea).  

2.2. Preparation of CD 

CDs were prepared according to a previously reported method with a slight modification using 

a mini bench-top reactor (4566, MK Science, South Korea).
32

 Briefly, CA (0.4 g) and EDA (270 

µL) were dissolved in DI water (80 mL). Then, the mixed solution was transferred to a sealed 

Page 6 of 31

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 

 

reactor (200 mL) and heated at 200 °C for 4 h. After the reaction, the reactor was cooled to room 

temperature (20 °C) in air. The product, which was brown-red and transparent, was subjected to 

dialysis in order to obtain pure CDs. After the dialysis process, the final concentration of the 

resultant CD solution was approximately 5.8 mg/mL, which was calculated from the solid weight 

after complete drying. Detailed fluorescence properties can be found in our previous papers.
33-34

  

2.3. Microfluidics 

A micro-capillary device consisting of a tapered-round glass capillary enclosed in a square 

glass capillary was used to prepare the hydrogel droplets (Figure S1). The square capillary 

(Vitrocom, USA, 0.9 mm × 0.9 mm) was used without any surface treatments. The round glass 

capillary (Vitrocom, USA, 0.7 mm inner diameter (ID) × 0.87 mm outer diameter (OD) × 100 

mm length) was tapered in half using a Micropipette Puller (P-97, Sutter Instrument, USA). 

Hydrophilic coating was performed with TEOS as follows. The round capillary was washed with 

ethanol and DI water, dried at 85 °C for 10 min, and treated with oxygen plasma for 5 min using 

a plasma system (FC-10005, Femto Science, South Korea). The treated capillary was inserted in 

a vial containing 5 wt% TEOS in ethanol for 30 min, washed with ethanol and DI water, and 

finally dried in an oven at 70 °C for 15 min. The OD of the round capillaries (0.87 mm) was 

comparable to the ID of the square capillary (0.9 mm), such that a round capillary could be 

inserted into the square capillary to achieve tight fitting and coaxial alignment. The diameter of 

the tapered end was ~80 µm. To prepare hydrogel single droplets, aqueous AAm monomers (5 

M) and a cross-linker of MBAm (0.15 M) with APS (0.05 M) was flowed through the central 

tapered round capillary as the disperse phase, while the outer fluorocarbon oil (Novec 7500) 

containing TEMED (0.5 wt%) and the fluorinated surfactant (Krytox 157FSH, 2 wt%) were 

flowed in the same direction in the squared capillary as a continuous phase to produce W/O 
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single droplets in a coaxial co-flow geometry. The fluorocarbon oil squeezed the aqueous AAm 

monomer solution into monodisperse droplets. TEMED was dissolved in the continuous phase as 

an accelerator for AAm polymerization, and APS in the disperse phase functioned as an initiator 

for AAm polymerization. The prepared PAAm droplets were polymerized at 100 °C by post-heat 

treatment in a 50-mL vial. The flow rates were controlled using a pneumatic microfluidic flow-

rate control system (OB1 pressure controller, Elveflow, France), which was capable of pumping 

two fluids at two different velocities. These systems were connected to the microcapillary device 

using shrinkable connector tubes (Tommyheco, Korea, 2.38 mm × 1.59 mm × 2.38 mm) and 

flexible plastic tubing (Norton, 0.51 mm ID, 1.52 mm OD). By pumping air gas at a finely 

controlled rate into the vials containing the liquids, the Elveflow unit pressurized the vials, which 

caused the fluids to flow through the tubes and into the device. The typical pressures of the inner 

and outer fluids were 10 and 130 mbar, respectively. 

2.4. Preparation  

The produced PAAm hydrogel droplets (1 g, in a 20 mL vial) were converted to FHGB 

droplets by immersing them in an aqueous solution of NaOH (3 M, 13.5 mL) in the presence of 

TEMED (10 vol%, 1.5 mL), followed by magnetic stirring for 12 h; washing with DI water; 

activating with EDC/NHS (0.2 M/0.2 M, 2 mL) for 5 h; immobilizing with CDs (0.58 mg/mL, 5 

mL), GOx (45 µM), and HRP (15 µM) for 12 h; and magnetic stirring for 12 h, as shown in 

Scheme 1. 
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Scheme 1. Schematic of preparation of the FHGB droplets. 

2.5. Measurements 

Surface images of the FHGB droplets were obtained using a field-emission scanning electron 

microscope (FE-SEM, SU8220, Hitachi, Japan) that was operated at accelerating voltage of 15 

kV. Samples for SEM were freeze-dried using a freeze dryer (FD-1000, Rikakikai, Japan), and 

coated with platinum using a coater. Attenuated total-reflection Fourier-transform infrared 

(ATR-FTIR) spectra were obtained with FTIR spectroscopy (FT/IR-4100, Jasco, Japan) in the 

range 600–4,000 cm
−1

 at a resolution of 4 cm
−1

 by collecting the average of 64 scans. Hydrogel 

droplets were observed during production in the microfluidic channel with a high-speed charge-

coupled device (CCD) camera (STC-TC83USB-AS, Sentech, Japan) on an optical microscope 

(JSP-20T, Samwon, South Korea). Bright-field images of the droplets on the glass container after 

production were taken with an optical microscope (ANA-006, Leitz, Germany). After the 

reaction of the FHGB droplets with glucose, the pH of the solution was measured using a pH 

meter (YK-2001PHA-pH/EC, Sechang, South Korea). The fluorescence of the hydrogel droplets 

immobilized with CDs was studied with a fluorescence microscope (E600POL, Nikon eclipse, 

Japan). The ultraviolet–visible (UV-Vis) and photoluminescence (PL) spectra were recorded on a 

UV-Vis spectrophotometer (UV-2401 PC, Shimadzu, Japan) and spectrofluorophotometer (RF-

5301PC, Shimadzu, Japan), respectively. The PL spectra were recorded using a specially 

Page 9 of 31

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10 

 

designed cell for FHGB droplets, as shown in Figure S2. Photographic images of the FHGB 

droplets were obtained with a smartphone camera (SM-G925S, Samsung, South Korea). 

 

3. RESULTS AND DISCUSSION 

3.1. Preparation of hydrogel droplets 

Uniform droplets were successfully produced in the microfluidic channel, as shown in Movie 

S1. The droplet sizes were controlled by the pressures of the continuous (Pc) and disperse (Pd) 

phases. For example, stable uniform droplets are produced in the Pc range 40–160 mbar at Pd = 

10 mbar (Region III in Figure 1(a)), although the pressure value is dependent on the size of the 

glass capillary orifice in this pressure-control pump. As Pc is increased from 40 to 160 mbar, the 

diameter of the droplet decreases from 571 to 363 µm, as shown in Figure 1(a). In other pressure 

ranges (Regions I and II in Figure 1(a)), the sizes of the produced droplets are not uniform 

because of the jetted regime, or droplets could not be produced, as shown in Figure 1(b). Thus, 

we can control the droplet size by finely controlling the pressures of both the disperse and 

continuous phases.  
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(a) 

 

(b) 

Figure 1. (a) Diameter of the PAAm hydrogel droplets as a function of Pc at fixed Pd = 10 mbar; 

Regions I, II, and III represent no, non-uniform, and uniform droplets, respectively. (b) 

Photographic images of the PAAm droplets produced at Pc = (i) 30, (ii) 120, and (iii) 170 mbar 

with a fixed Pd = 10 mbar; scale bars are 200 µm.  

The produced PAAm hydrogel droplets were changed to PAAc hydrogel droplets by NaOH 

treatment in the presence of TEMED,
35

 and the PAAc hydrogel droplets were further 

functionalized with CD, GOx, and HRP to yield FHGB droplets. In order to confirm the 

conversion from PAAm to PAAc and the immobilization of CD, FTIR spectroscopy is 

performed, as shown in Figure 2. The FTIR spectrum of the PAAm (Figure 2(a)) shows a NH2 

stretching band at 3193 cm
−1

.
36

 After the conversion of PAAm to PAAc (Figure 2(b)), the NH2 
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stretching band at 3193 cm
−1

 decreases significantly; new peaks appear at 1410 and 1562 cm
−1

. 

These peaks arise from the symmetric and antisymmetric stretching bands of the carboxylate ion 

(COO
−
), respectively.

37
 Thus, the amine groups of PAAm are successfully converted to 

carboxylic groups, although the shoulder at 3193 cm
−1

 indicates that small amounts of amine 

groups remain. After the immobilization of the CDs (Figure 2(c)), the peaks of the symmetric 

and antisymmetric stretching bands of the carboxylate ion (COO
−
) at 1410 and 1562 cm

−1
 are 

decreased, whereas the new peaks at 2536 and 1292 cm
−1

 corresponding to OH stretching
38

 and 

amide II bonds
39

, respectively, are observed. These new peaks are from the immobilized CDs 

and the amide bonds through EDC coupling, respectively. To verify whether CD, GOx, and HRP 

were covalently immobilized in the droplets, the water into which the droplets were inserted was 

tested. Figure S3(a) displays the UV spectra of pure water, the aqueous CD (0.58 mg/mL) and 

GOx/HRP (3:1 mole ratio, 3 wt%) solutions, and water 2 h after immersion of 0.1 g FHGB 

droplets in 4 mL water. The UV spectrum of the aqueous CD solution showed peaks at 350 nm 

and that of the aqueous GOx/HRP mixture solution showed peaks at 410 and 470 nm. However, 

the UV spectrum of the water in which the FHGB droplets were immersed showed no peaks, 

indicating that the enzymes were firmly immobilized in the FHGB droplets. These FHGB 

droplets emitted a blue color when exposed to UV at 365 nm, as shown in Figure S3(b). Figure 

S4 shows the PL spectra of FHGB droplets at CD concentrations of 5.8, 0.58, and 0.058 mg/mL. 

The intensity of the PL spectrum at 5.8 mg/mL is saturated, whereas the intensity at 0.058 

mg/mL is too low. Therefore, 0.58 mg/mL was chosen as the CD concentration. Figure S5 is a 

plot of Qf for the CD (0.58 mg/mL)/GOx/HRP aqueous solution, as a function of the mole ratio 

between GOx and HRP at a constant concentration (34 µM) of GOx + HRP. Qf increases with 
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the mole ratio until a GOx/HRP mole ratio of 2.5, at which point Qf reaches saturation. Thus, for 

subsequent experiments, we used a CD aqueous solution with a 3:1 mole ratio of GOx/HRP. 

 

Figure 2. FTIR spectra of (a) PAAm, (b) PAAc, and (c) CD-immobilized PAAc droplets.  

3.2. pH-responsive FHGB droplets 

PAAc is a typical pH-responsive weak polyelectrolyte; therefore, the size of the FHGB 

droplets should be dependent on pH. The ratio of the droplet diameter (D/Do) where D is 

diameter at certain pH and Do is the largest diameter was compared due to small size differences 

in initial droplets. Figure 3(a) plots the diameter ratio of the FHGB droplet in water as a function 

of pH. The diameter ratio of ~0.6 below the pKa of the carboxylic groups (pH = 2, 3, 4) is 

increased stepwise to ~0.9 at pH = 5, although the diameter ratio increases somewhat after this 

point, reaching 1 at pH = 12. Thus, the carboxylic groups of PAAc are deprotonated and become 

ionized to be repulsive and swelled after pKa; the volume of the droplet is increased by more 

than five times after pKa. Figure 3(b) depicts the diameter ratio change of the PAAc droplet at 

alternating pH 2 and 12 as a function of the cycle number. The diameter ratio is changed from 
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0.55 to 1 as the pH is changed from 2 to 12 for 10 cycles. The diameter ratios at each cycle are 

almost constant, indicating that the expansion and shrinkage of the FHGB droplet is quite stable. 

We did not perform further experiments for additional cycling, although we believe that the size 

change of the FHGB droplet would continue stably for further cycles. The diameter ratio of the 

PAAc droplet displayed little difference from that of FHGB at different pH values (Figure S6 

(b)), indicating that deprotonation of carboxylic groups of PAAc and FHGB droplets occurs with 

similar dependency on pH. However, pH responsiveness does not occur with PAAm as shown in 

Figure S6 (a), which is strong evidence for the conversion of PAAm to PAAc.  

 

(a) 
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(b) 

Figure 3. (a) Diameter ratio (D/Do where D is diameter at certain pH and Do is the largest 

diameter) of the FHGB droplet in water as a function of pH; the insets are photographic images 

at pH = 12 (upper right corner) and 2 (lower left corner), in which the scale bars are 200 µm; (b) 

diameter ratio of the FHGB droplet at alternating pH 2 and 12 as a function of cycle number. 

 

3.3. Glucose detection of the FHGB droplets 

The speed of glucose detection was tested with the FHGB droplets. Figure 4(a) provides the 

PL spectra of the FHGB droplets (0.05 g) in the glucose solution (30 mM, 2 mL) at different 

time intervals after the glucose solution was added to the vial; the insets show photographic 

fluorescence images of the droplets. Figure 4(b) depicts the degree of quenching (Qf = (F−F0)/F0, 

where F0 and F are the PL intensities at 450 nm without and with glucose, respectively, when 

excited at 360 nm) and their sizes; the insets are photographic images of the droplets with 

measured pHs in aqueous media. The Qf continuously increases until ~5 h and then remains 
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almost constant. The real photographic fluorescence images show distinct fluorescence 

quenching 5 h after glucose addition, as shown in the insets of Figure 4(a), indicating that the 

presence of glucose can be detected by the naked eye. The diameter of the droplet decreases in 

opposition to the Qf and the pH of the aqueous medium continuously decreases to 4.2 (see insets 

in Figure 4(b)). This result indicates that the size reduction of the droplet is caused by the 

production of gluconic acid by the reaction of GOx with glucose. The role of the enzyme in the 

FHGB droplet is confirmed by comparison with the hydrogel droplet immobilized only with 

CDs. Figure 4(c) shows the fluorescence images of the PAAc hydrogel droplets immobilized 

only with CDs compared to those of the FHGB droplets before and after glucose aqueous 

solution is added to the cell. Both droplets show similar fluorescence before glucose addition, 

whereas only the FHGB droplets show significant fluorescence quenching and size reduction 

after glucose addition. Thus, the bienzymatic reaction with glucose changes the fluorescence of 

the CDs as well as the droplet size. This dual-mode detection of glucose by fluorescence 

quenching and size reduction increases the visibility of glucose sensing by the naked eye. Further 

experiments for glucose biosensor application with the FHGB droplets were performed for more 

than 5 h after glucose aqueous solution addition. 
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(c) 

Figure 4. (a) PL spectra of the FHGB droplets (0.05 g) in the glucose solution (30 mM, 2 mL) at 

different times after the glucose solution was added to the vial; insets are the fluorescence 

images (i) before and (ii) 5 h after glucose addition; scale bars in insets are 200 µm. (b) (Left 

axis) Qf and (right axis) diameters of the FHGB droplets (0.05 g) in the glucose solution (30 

mM, 2 mL) as a function of time after the glucose solution was added to the vial; insets are the 

bright-field images (i) before and (ii) 1, (iii) 2, (iv) 3, (v) 4, and (vi) 5 h after glucose addition; 

the numbers in parentheses show the solution pH, and (c) fluorescence images of (i, ii) the PAAc 

hydrogel droplets (0.05 g) immobilized only with CD (0.58 mg/mL, 5 mL) and (iii, iv) FHGB 

droplets (i, iii) before and (ii, iv) after glucose aqueous solution (30 mM, 2 mL) was added to the 

cell; all scale bars in (a, b, c) are 200 µm. 

3.4. Performance of glucose detection of the FHGB droplets 

The sensitivity, selectivity, and stability of glucose detection were tested with the FHGB 

droplets. First, the sensitivity of the FHGB droplets was studied. Figure S7(a) contains the PL 

spectra of the FHGB droplets (0.05 g) in glucose solutions (2 mL) at different glucose 

concentrations (Cgs). As Cg increased, the fluorescence intensity was continuously decreased to 

the level of 30 mM and thereafter remained constant. Figure S7(b) plots Qf as a function of Cg. 

The linear range is ~30 mM with the limit of detection (LOD) of 0.0516 mM. LOD was 

calculated as 3 times standard deviation divided by the regression slope, where the standard 

deviation and the slope are derived from Figure S7 (b).
40

 Next, the selectivity of the FHGB 

droplets was studied. Figure 5(a) compares the Qf of the FHGB droplets (0.05 g) after 30 mM of 

urea, ascorbic acid, dopamine, lactose, NaCl, and glucose aqueous solutions (2 mL) are added to 

the cell. The Qfs of all analytes except glucose show low values <0.03, indicating that 

Page 18 of 31

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19 

 

fluorescence quenching does not occur except with exposure to glucose (Qf of glucose = 0.82). 

The dopamine and glucose mixture also shows a Qf similar to glucose alone, indicating that other 

materials do not interfere with glucose detection, which is due to the strong selectivity of the 

GOx enzyme. Thus, the FHGB droplets are highly selective to glucose. In addition to the 

fluorescence quenching, the size of the droplet is another indicator for glucose detection. The 

sizes of the droplets in the analyte solutions are nearly constant at ~555 µm, near the original size 

of the droplet (560 µm), except for those in the ascorbic acid and glucose aqueous solutions. The 

ascorbic acid aqueous solution has the low pH of 4.1; therefore, the FHGB droplets shrank in the 

ascorbic acid solution. The FHGB droplet in the glucose aqueous solution also shrank because of 

the gluconic acid produced through GOx reaction with glucose, as mentioned previously. Lastly, 

the stability of the FHGB droplets was studied. The stability of the oven-dried FHGB droplet 

was tested after storing in the dry state for an extended period of time. Figure 5(c) depicts the 

fluorescence images of the FHGB droplets in the dry state and the swollen state in water with 

and without 30 mM glucose four weeks after drying. The FHGB droplets in the dry state shows 

high fluorescence intensity (Figure 5(c) (i)) and those in the swollen state in water without 

glucose four weeks after drying do not lose their intensity (Figure 5(c) (ii)). However, the FHGB 

droplets in the swollen state in water with glucose were quenched at almost the same level as 

those immediately after drying, where the Qf after drying (Qf = 0.55) was slightly lower than that 

of fresh FHGB droplets (Qf = 0.58) (Figure 5c (iii)). The original PL spectra before and after 

glucose addition are shown (Figure S8). Thus, the FHGB droplet can remain in the dry state for 

use whenever needed. 
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Figure 5. (a) Qf of the hydrogel biosensor droplets (0.05 g) after (i) urea, (ii) ascorbic acid, (iii) 

dopamine, (iv) lactose, (v) NaCl, and (vi) glucose aqueous solutions (30 mM, 2 mL) are added to 

the cell, (b) fluorescence images of (a), and (c) fluorescence images of the FHGB droplets in (i) 

the dried state, and (ii, iii) the swollen state in water (ii) without and (iii) with 30 mM glucose 

four weeks after drying; all scale bars in (b, c) are 200 µm; the PL spectra in (a) were obtained 

following 5 h of incubation. 

3.5. Morphology of the FHGB droplets 

The morphologies of the freeze-dried and oven-dried FHGB droplets were studied and 

compared. Figures 6(a) and (b) compare the SEM images of the FHGB droplets freeze-dried at 

pH 7 (pure DI water) and 2 (buffer solution), respectively. Clear open structures are observed in 

the freeze-dried samples and the diameters of the droplets freeze-dried at pH 7 and 2 are 355 and 

247 µm, respectively. These results indicate that water easily infiltrates the hydrogel droplet in 

water and that droplets at high pH have more open structures than those at low pH. However, the 

droplet dried in an oven at 60 °C is compact and closed compared to the freeze-dried samples 

(Figure 6c). Thus, the compact and closed structure is easily changed into the swelled and open 

structure when the droplets are inserted in water, and the pore size can be easily controlled by the 

pH.  

 

                              (i)                   (ii) 
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Figure 6. SEM images of (a, b) FHGB droplets freeze-dried at pH (a) 7 and (b) 2, and (c) FHGB 

droplet dried in an oven at 60 °C. (i) Low magnification and (ii) high magnification of the region 

of the red squares in (i). 

Finally, we tested the ability of the FHGB droplets to detect glucose in diluted human blood 

serum (× 10 with DI water). The original amount of glucose in the human blood serum was 5.3 

mM as measured by high-performance liquid chromatography (HPLC).
41

 Thus, known amounts 

of glucose were added to the serum samples after centrifugation to remove large molecules. The 

glucose contents in the spiked serum samples were determined from the fluorescence spectra of 

the FHGB droplets using the calibration curve (Figure 5(a)). Table 1 shows the added and 

measured amounts of glucose in human blood serum. The recovery ratios (measured 

glucose)/(original glucose + added glucose) × 100 %) of 95.6, 108.6, 96.6, and 102.3% were 

obtained for serum samples at Cg (added glucose concentrations) of 0, 0.47, 1.47, and 9.47 mM, 

respectively, with the FHGB droplets (0.05 g) in water (2 mL), indicating that the FHGB 

droplets can be used with real human blood samples. Although small deviations from 100% were 
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observed, possibly reflecting interference by other biomaterials in human serum, these deviations 

were relatively small.  

Table 1. Amounts of glucose in human blood plasma measured with the FHGB droplets 

Samples 

Glucose (mM) Recovery
b
  

(%) 

RSD
c
 

(n =5, %) Original
a
 Added Measured 

1. 0.53 0 0.49 93.6 3.91 

2. 0.53 0.47 1.10 110.4 3.76 

3. 0.53 1.47 1.92 96.6 6.07 

4. 0.53 9.47 10.03 100.3 4.61 

a
Original amount of glucose in human blood serum, 

b
Recovery = (measured glucose)/(original 

glucose + added glucose) × 100%, 
c
RSD is the relative standard deviation 

 

4. CONCLUSION 

 The FHGB droplets showed pH responsiveness such that the droplets were swelled 

significantly above the carboxyl pKa (4.3). The swollen porous hydrogel droplets provided good 

aqueous environments for glucose sensing. The FHGB droplets exhibited good sensor 

performance by fluorescence quenching in terms of sensitivity, selectivity, and stability. 

Fluorescence quenching arose from the GOx/HRP reaction, which produced –OH radicals by a 

bienzymatic reaction. The sensor linear range and LOD were ~30 mM and 0.0516 mM, 

respectively. The fluorescence quenching was highly selective to glucose among the major 

ingredients of human blood. The dry FHGB droplets could be stored for long periods and 

maintain the same biosensing quality when used. In addition to fluorescence quenching as a 

sensor indicator, the size of the droplets was another sensor indicator of glucose, because the 
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gluconic acid produced by GOx reaction with glucose decreased the pH and caused the size 

reduction of the FHGB droplet. The size reduction was also selective to glucose, as well as acidic 

ingredients such as ascorbic acid. Thus, this dual-mode detection of glucose from fluorescence 

quenching and size reduction increased the visibility of glucose sensing by the naked eye. Small-

sized FHGB droplets are advantageous when only small amounts of samples are available. The 

FHGB droplets can be used for sensing in small confined areas to provide localized, rather than 

large-area averaged data. The FHGB droplets can be stored in the dry state and used in water 

whenever needed. Thus, these FHGB droplets provide a new method to detect glucose levels; 

they could be further applied in implanted continuous-detection biosensor droplets because of 

their biocompatibility. 
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